INTRODUCTION
Urea is a historically famous compound that Friedrich Wöhler discovered by accident while heating ammonium cyanate in 1828 according to the famous anecdote. In nature, repeated urea production and discharge by mammalian protein metabolism increases the concentration of urea in domestic wastewater 1 . Urea is widely used in as fertilizers and explosives as well as in pharmaceutical, cosmetic, and plastic industries 2 . Thus, large volumes of wastewater containing urea are produced from industries and living organisms. Urea has low toxicity LD 50 8200 mg kg 1 in rats . However, when it is decomposed in nature, it increases the nitrogen concentration in lakes and groundwater, leading to problems such as proliferation of creature in water environment 3 and fish toxicity 4 . In addition, urea does not decompose easily, which makes it difficult to produce ultrapure water for use in semiconductor manufacturing plants; therefore, a method that can be used for quick decomposition of urea is required 5 . Recently, a study on the oxidation of urea in human urine for water recycling on the International Space Station ISS has been in the spotlight because supplying water to ISS by space shuttle is expensive and complicated 6 .
Microwave discharge electrodeless lamps MDELs are useful light sources for the decontamination of polluted water because UV and microwave radiation can be simultaneously used to induce degradative processes to destroy organic compounds and microorganisms 7 14 . In addition,
MDELs are used in the photochemical synthesis of organic substrates and in environmental remediation procedures. Attractive features of MDEL devices are a relatively long lifetime of the electrodeless lamp, b the non-issue of lamp shape because the lamps are electrodeless, c fixed light intensity, d shorter ignition time of the MDEL device than that for a typical electrode lamp, e the external source of UV radiation that avoids the absorption of the microwave radiation by the reactor contents, f ease of lamp replacement, and finally g simultaneous use of UV and MW radiations to induce oxidative/degradative processes for the destruction of organic compounds and microorganisms using only a microwave energy source. With equal power consumption, MDELs are more effective than conventional low-pressure Hg lamps 15 . Accordingly, maintenance-free and efficient MDELs should be suitable for on-site use in wastewater treatment. Such advantages make MDELs most suitable for rapid water treatment in case of emergency.
Recently, we have reported a new three-layer cylindrical MDEL design that can induce the photolysis and decomposition of reactive oxygen species ROS in a fluid reaction vessel. Photolysis is carried out using the released vacuum ultraviolet light 185 nm , and chemical oxidation is carried out with the ROS generated by the photodecomposition of dioxygen and air oxygen in one of the photoreactors. We reported that this new MDEL is effective for the disinfection E. coli of water and the decomposition of 2,4-dichlorophenoxyacetic acid 2,4-D in water 16 . We have also reported that photocatalytic TiO 2 oxidation reaction significantly improved when the photocatalyst is simultaneously irradiated by microwaves and UV light 17 because electron transfer inside the TiO 2 photocatalyst is optically optimized by microwaves 18 . Therefore, when MDELs are used as the light source, microwave and ultraviolet rays can be simultaneously used to irradiate the photocatalyst so that an enhanced decomposition of wastewater can be obtained with a simple apparatus 7 .
In this study, urea was decomposed using the new MDEL, and the decomposition of urea in solution was investigated at different pH values. The efficiency of urea decomposition using the MDEL was compared with that of the conventional wastewater treatment methods such as TiO 2 photolysis, ozone oxidation, and hypochlorous acid oxidation. Moreover, a UV/ROS/TiO 2 composite approach with an MDEL as the light source was employed to decompose urea.
EXPERIMENTAL PROCEDURES
2.1 MDEL device to drive the photolysis and chemical oxidation of wastewaters A microwave discharge electrodeless lamp MDEL and two photoreactors using vacuum-UV transparent synthetic quartz as the envelope for the Hg/Ar gas-filled device were fabricated for the photolysis of urea and gaseous substrates Fig. 1a . The MDEL quartz tube was evaporated to 1 10 3 Pa, the system was purged with argon gas 133 Pa , and a small amount of liquid mercury ca. 0.3 mg was added. The device consists of three chambers with the middle chamber being the MDEL 14.0 cm long; 3.0 cm diameter , while the innermost 20.0 cm long; 0.8 cm inner diameter and outermost 20.0 cm long; 5.3 cm diameter chambers are used for the photolysis of water and air, respectively. Two quartz walls were set up inside the photolysis reactor to ensure gas flow in a single direction Figs. 1b and 1c . Air was introduced into the quartz tube 2.8 cm long; 0.5 cm inner diameter installed in the outer chamber through the lower part of the device. The volume of the photolysis reactor for air was 161 cm 3 , while that for wastewater was ca. 6.8 cm 3 .
The optimal amounts of mercury and argon gas in the MDEL device exposed to microwave radiation were determined in an earlier study 19 by examining the spectral peak intensities of the vacuum-UV 185 nm and UV 254 nm wavelengths emitted by the MDEL device. Oxygen absorbs the 185-nm radiation and is transformed into ozone, whereas the 254-nm emitted light is absorbed by ozone to generate activated oxygen atoms O 1 D 20 . The 185-nm radiation cleaves most molecular bonds in organic compounds, ultimately generating water vapor and carbon dioxide gas 21 .
High-purity grade urea was obtained from Wako Pure Chemical Industries Ltd. The 3.0-L air-equilibrated water contaminated with urea 1.0 mg L 1 0.0167 mM; initial pH 7 was circulated through the inner photoreactor using silicon tubing and a peristaltic pump flow rate 1.0 L min 1 .
The aqueous urea solution was adjusted to pH 4 by adding HCl and to pH 10 by adding NaOH. Air was introduced into the outer photolysis reactor using an air compressor Ryobi Ltd, ACP-50 at a flow rate of 0.25 L min 1 . Continuous microwave irradiation of the MDEL reactor was provided by a Tokyo Rikakikai Co., Ltd MWO-1000S apparatus consisting of a multimode applicator and a 2.45 GHz microwave magnetron. Air oxygen was converted into reactive oxygen species ROS such as ozone. The ROS were then bubbled through the wastewater using a frit connected to the silicon tubing for the chemical oxidation of contaminants in the wastewater. The time profiles of the degradation of urea were obtained with a GL science liquid chromatograph HPLC equipped with an AB Sciex 3200QTRAP mass spectral detector and a Thermo Fisher Scientific CS12 column; the eluent was 0.1 aqueous formic acid solution. Ammonium ions NH 4 , nitric acid ions NO 3 , and cyanide ions CN , as decomposition products of urea, were quantified by capillary electrophoresis with CAPI 3300 Otsuka Electronics Co., Ltd. .
Degradation methodologies
Three different methodologies were considered to evaluate the MDEL system in the degradation of urea Fig. 2 . Vacuum-UV and UV light from the MDEL were used in the photolysis of urea by chemical oxidation with gaseous ROS ozone, O 1 D , referred to as the UV/ROS method. The performance of this MDEL device was then assessed with UV radiation or ROS in comparison with the combined UV/ ROS method. The applied microwave power was maintained at 60 W throughout the experiments according to our previous study based on i the conversion efficiency from microwave to light, ii the heating of the aqueous solution by infrared light generated from the lamp, and iii the energy savings. The photocatalytic degradation of the urea substrate was examined. The photocatalyst TiO 2 powder 3 g; Evonik Industries, P25 dispersed in the aqueous urea solution 3 L was decomposed with a commercial low-pressure UV elec-trode Hg lamp Toshiba 75 W; dimensions: length 10 cm and diameter 3 cm . A UV electrode Hg lamp was located on the side of the quartz pipe Fig. 3 . The temperature of the aqueous 2,4-D solution was maintained constant at 27 3 .
RESULTS & DISCUSSION

Degradation of the urea in aqueous solution
The continuous degradation of aqueous urea 3 L was examined with the novel MDEL system at a microwave power of 60 W. The degradation of urea as a function of time obtained at pH 7, pH 4, and pH 10 is shown in Fig. 4a , 4b, and 4c, respectively. After 120 min at pH 7, 58 urea decomposition was obtained with the UV/ROS method. On the contrary, with the UV method, the decomposition rate remained at 3 , while a decomposition rate of 36 was observed with the ROS method. The theoretical sum of the decomposition rate of the UV and ROS methods is 39 ; however, the UV method did not achieve that rate after 120 min. Thus, the combined UV/ROS method significantly promoted urea decomposition compared to the separate UV and ROS methods. The rate of degradation for each method is shown in Table 1 . The calculated decomposition rate ratio showed that the UV/ROS method was about 24 times, 1.9 times, and 1.7 times faster than the UV method, ROS method, and the theoretical sum of UV and ROS, respectively. The theoretical sum of UV and ROS decomposition is higher than the rate observed with the UV/ROS method because when the urea solution was introduced into the MDEL, photodegradation occurred, and the degraded intermediate was further decomposed by the ROS outside the reactor. That is, rather than decomposing urea with ROS directly, it is considered that decomposition is more efficient than decomposition intermediate. In addition, further generation of active participating species occurred by the photodecomposition of the aqueous urea solution containing oxygen or ROS. In the UV/ROS method, a synergistic effect appears in the decomposition efficiency: the microwave power for lighting the MDEL is the same as for the UV and ROS methods, therefore, the combined method can achieve high decomposition efficiency with half the power consumption. Even when the pH of the aqueous solution was adjusted to 4, the urea decomposition accelerated in the order of UV/ROS >> ROS ~ UV method. As the decomposition rate of both the UV/ROS and the UV method were significantly improved compared to pH 7, the improved decomposition efficiency with UV irradiation was responsible for the enhanced decomposition rate in the combined UV/ROS method. At pH 4, the UV/ ROS method was about 3.5 times, 2.7 times, and 1.5 times faster than the UV, ROS, and theoretical sum of UV and ROS, respectively. At pH 10, the decomposition rate of the UV/ROS and ROS methods were not improved, but the UV method showed a high decomposition rate. At pH 10, the decomposition rates achieved with the UV/ROS method was about 3.8 times, 2.6 times, and 1.9 times that of the UV, ROS, and theoretical sum of UV and ROS, respectively. The formation of NH 4 during the photomineralization of the two nitrogen atoms in urea is shown in Fig. 5 . The formation of NO 3 in the photodegradation of urea was not observed even with the MDEL process. At pH 7 Fig. 6a , the mineralization ratio of NH 4 to urea was 0 , 15 , and 25.5 with the UV/ROS, UV, and ROS methods, respectively. Note that the NH 4 ion of 2.0 mg L 1 is observed when two nitrogen atoms in urea becomes 100 ammonium ion. At pH 4 Fig. 6b , the NH 4 yield was 10.5 UV/ ROS , 13 UV , 38.5 ROS , and at pH 10 Fig. 6c , the amount of ammonium ions was 24 UV/ROS , 4 UV , and 14.5 ROS . The decomposition of nitrogen in urea Fig. 2 Cartoons illustrating the microwave-irradiated MDEL system used in the degradation of the 2,4-D herbicide in aqueous media and in the sterilization of bacteria-contaminated pond water under three different methods: a UV/ ROS, b UV, and c ROS. Note that only in a and b were the waters circulated through the innermost MDEL reactor. Fig. 3 Experimental set-up of the photocatalytic degradation of the aqueous urea solution used in aqueous TiO 2 dispersions using integrated commercial low-pressure UV electrode Hg lamp.
i.e., the production of ammonium ions was similar for all methods Fig. 4 . In addition, the UV/ROS method achieved a higher degradation rate at pH 4 than at pH 7 and 10. The rate of formation of ammonium ions is shown in Table 2 and is 3.5, 3.1, and 2.8 times higher with the UV/ROS approach than the theoretical sum of UV and ROS at pH 7, 4, and 10, respectively. The formation of cyanide ions CN as an intermediate associated with the decomposition of urea was also investigated. The LD 50 of cyanide on is 200 mg kg 1 , and cyanide is known to be highly toxic. Cyanide ion formation was not observed for each decomposition time under each experimental method or pH condition. Therefore, this method does not produce toxic products during the decomposition of urea, which is thought to occur according to the following reactions 1-2 . 3.2 Combined photocatalytic degradation and MDEL system, and conventional treatment methods As the MDEL system generates strong UV light, it can be used as a light source in photocatalysis. TiO 2 powder 3 g; Evonik Industries, P25 was dispersed in an aqueous urea solution 3 L; pH 4 or pH 7 , and the UV/ROS/TiO 2 method was applied. For comparison, a commercial low-pressure mercury lamp Toshiba 75 W was used on a similar sample. Adding the photocatalytic TiO 2 powder in the MDEL system operating with the UV/ROS method increased the decomposition rates by 1.8 times and 1.4 times at pH 7 and pH 4, respectively, as shown in Fig. 6 and Table 3 . However, with the mercury lamp, only 16 decomposition occurred after 120 min. The irradiation efficiency of the UV light generated from the Hg lamp is inferior to that of the MDEL, thus causing the low decomposition efficiency. In addition, degradation was promoted by the synergistic effect of the ROS and the MDEL system itself. Furthermore, the low power consumption of 60 W of the MDEL is also advantageous. Oxidative decomposition using ozone O 3 bubbling and the addition of sodium hypochlorite NaClO , which are used in conventional wastewater treatment, were carried out at pH 7. Aqueous urea solution 3 L was placed in a 5-L beaker and stirred with a magnetic stirrer. The urine volume with respect to decomposition time is shown in Fig.  6 . After 120 min, the decomposition ration of urea was 15 O 3 and 35 hypochlorous acid . The efficiency of the MDEL method is higher than that of the existing moisture method.
CONCLUSION
Degradation of an aqueous urea solution was examined by photolysis and chemical oxidation using an MDEL photoreactor. The novel device consists of two photoreactors inner and outer reactors and an MDEL light source activated by microwave radiation. With successive photolysis and ROS treatment of the urea with this MDEL device, it was possible to bubble ROS gas through the solution. The decomposition efficiency of the UV/ROS approach with the MDEL device was further enhanced in acidic conditions and by adding a photocatalyst and is significantly better than existing water treatment methods, such as photocatalysis, and ozone and sodium hypochlorite decomposition. The UV/ROS approach with the MDEL device is therefore a suitable method for decomposing urea. 
